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Abstract 
Corrosion of steel in reinforced concrete is one of the main issues among construction 
stakeholders. The main consequences of steel corrosion include loss of cross section of steel 
area, generation of expansive pressure which caused cracking of concrete, spalling and 
delaminating of the concrete cover. Thus, it reduces the bond strength between the steel 
reinforcing bar and concrete, and deteriorating the strength of the structure. The objective of 
this study is to investigate the impact of c/d ratio to the structural performance of reinforced 
concrete member due to corrosion. A series of reinforced concrete cylinder of ϕ100mm x 
200mm, ϕ150mm x 300mm and ϕ200mm x 400mm with c/d ratio of 2.13, 3.45 and 4.76 was 
modelled consisting of 19mm diameter of reinforcement bar at the center of the cylinder. 
Corrosion rate of 0%, 5% and 10% of rebar corrosion is used in parametric study to assess 
the influence of different level of corrosion rate to the structural performance. As a result, a 
positive linear relationship was sketched between the increase of expansive pressure and 
the corrosion rate for each c/d ratio. Meanwhile, the expansive pressure is inversely 
proportional to the c/d ratio due to the deflection effect in the larger concrete cover is smaller 
compared to the lower c/d ratio which is more severe. Furthermore, the analysis shows that 
there is a significant effect on the failure pressure for each c/d ratio as the failure pressure of 
lower c/d ratio increase proportionally with the increase of c/d ratio. This study could predict 
the structural deterioration by numerical analysis using the c/d ratio. Hence, the findings 
provide a good input in designing a structure which takes into account the c/d ratio and also 
the corrosion level of the structure. 
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INTRODUCTION 
 
Nowadays, corrosion of reinforcing bar has become one of the biggest issues for 
reinforced concrete structure. Rebar corrosion appears on the surface of steel reinforcements 
once the accumulation of chloride ions exceeds the threshold level. At the early stage, rebar 
corrosion reduces the effective cross-sectional area of the steel reinforcement. Then, the 
accumulation of rebar corrosion product causes volume expansion and exerts expansive 
pressure to the concrete surface. Moreover, the rebar corrosion weakens the bond between 
steel and concrete, which decreases the stiffness and increase the level of deterioration of a 
structure. A continuous process of rebar corrosion does not just shorten the service life, 
reduce the safety and serviceability level, but also increase the maintenance cost. 
 
There are several factors affecting the durability of concrete structures. The durability of 
concrete structures is influenced by mix proportion factors such as cement type, casting 
method, curing process and other execution conditions (Tsutsumi et al., 1997). Besides, 
environmental factors such as the proximity of the structure to the sea, climate and 
temperature, humidity and other geomorphic conditions contribute much to the invasion of 
chloride ions on concrete surfaces (Al-Rabiah et al.,1990 ; Fattah et al., 2018). Moreover, 
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geometrical factors such as the ratio of concrete cover to bar diameter has a significant 
effect on durability. A previous researcher conducted a finite element analysis, using a 
formula predicting the cracking of concrete covers taking into account the cover depth, 
rebar diameter, tensile strength and elastic modulus of the concrete (Pengwei et al., 2011). 
This is because, the increase in the thickness of concrete cover, increases the barrier to the 
various aggressive species moving towards the reinforcement and increases the time for 
corrosion to initiate (Shi et al., 2012). However, the concrete cover thickness cannot exceed 
certain limits, for mechanical and practical reasons. 
 
In this study, the structural performance of reinforced concrete member due to corrosion 
were investigated. The main effects of corrosion are recognized and considered in the 
analysis including the impact of c/d ratio to the structural strength. Three different sizes of 
reinforced concrete cylinder, ∅100mm x 200mm, ∅150mm x 300mm and ∅200mm x 
400mm with c/d ratio of 2.13, 3.45 and 4.76 was modelled consisting of 19mm diameter of 
reinforcement bar at the center of the cylinder. The detail dimension is shown in Figure 1. 
 
 
Figure 1. Concrete cylinders cross-section 
 
NUMERICAL SIMULATION 
 
Numerical Model 
 
The concrete cylinders model was developed in a three-dimensional finite element 
software using the non-linear finite element code of MARC 2010. Using the 8 nodes of 
hexahedral elements, concrete and the main reinforcements was classified as solid. The 
bottom of cylinder is fixed while loading is reacted from the top surface of the cylinder. 
 
Corrosion Damage Model 
 
In corrosion damage model, the material of concrete and the steel reinforcement bar was 
taken into account while the material properties is shown in Figure 2. For steel 
reinforcement bar, the constitutive law based on the von Mises yield condition is adopted 
and the steel reinforcement bar was assumed to be a complete elasto-plastic. On the other 
hand, the constitutive law based on the Drucker-Prager yield condition is applied to 
represent concrete behavior. By assuming the tension softening, the degradation ratio due to 
corrosion is defined according to the damage in three principal axis direction as ∅𝑥 , ∅𝑦 and 
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∅𝑧. In order to assess the cracks progress in the concrete, the tension softening stress 
released by subsequent tensile strength was applied. Next, the extracted positive value of the 
principal strain of the tensile component was used to calculate the damage parameter in 
local coordinate 𝐷𝑥
𝐿, 𝐷𝑦
𝐿 and 𝐷𝑧
𝐿. Then, the damage parameter in local coordinate was 
transform to the global coordinate 𝐷𝑥
𝐺 , 𝐷𝑦
𝐺  and 𝐷𝑧
𝐺  in order to calculate the integrity tensor 
∅𝑥 , ∅𝑦, ∅𝑧. 
 
 
Figure 2. Material properties of (a) concrete and (b) steel bar 
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The damage formulation in Eq. 4 were multiplied to the initial fourth-order isotropic 
elastic matrix to form the orthotropic constitutive equation: 
 
𝜎𝑖𝑗 = ∅𝑥
+∅𝑦
+∅𝑧
+[𝐷𝑖𝑗𝑘𝑙
𝑒 ]𝜀𝑘𝑙                   (4) 
  
 
The stiffness matrix can be formed as shown in Eq. 5. 
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RESULTS AND ANALYSIS 
 
In general, the corrosion induced on the surface of steel bar will generate the expansive 
pressure to the concrete’s layer surface. Once the expansive pressure accumulates and 
surpasses the tensile strength of concrete, the cracks appear and structural deterioration is 
just started which may reduce the stiffness and the strength of the corroded member. 
 
Expansive pressure in corroded structure 
 
The formation of corrosion products from steel reinforcing bars leads to an increase in 
volume and generate expansive pressure to the concrete surface. Since corrosion is a 
continuous process, the expansive pressure keep increasing over the time which may cause 
the cracks to appear at the concrete cover and exposed the steel bar directly to the 
surrounding environment. Once this condition happens, the corrosion intensity will develop 
expeditiously and the structure is having a high risk to deteriorate. 
 
A linear relationship between the expansive pressure and the corrosion rate is illustrated 
in Figure 3 which takes into account the c/d ratio. From each line of the graph, it is clearly 
seen that the expansive pressure is directly proportional to the increase of the corrosion rate. 
Meanwhile, the c/d ratio give a big influence to the pattern of the graph where the expansive 
pressure is inversely proportional to the c/d ratio. It is clearly shown that the expansive 
pressure at 10% of corrosion rate for c/d of 2.13 is 11.09 MPa and decreased to 8.85 MPa 
and 8.21 Mpa for the c/d of 3.45 and 4.76, respectively. This is because, the depth of 
concrete cover is increasing in increasing c/d ratio. So that, the deflection effect in the larger 
concrete cover is more smaller compared to the lower c/d ratio which severe the most 
deflection effect. 
 
 
Figure 3. The expansive pressure relationship 
 
Structural strength reduction due to rebar corrosion 
 
In order to investigate structural strength reduction due to corrosion, the corrosion is 
considered along the reinforcement bar in the concrete cylinder. As shown in Figure 4, the 
relationship between the load bearing capacity and the displacement for each corrosion rate 
of the 100mm diameter of concrete cylinder sketched a non-linear trend with 0% corrosion 
specimen recorded a highest bearing capacity with 58.06 kN. The value of the bearing force 
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dropped slightly to 55.72 kN and 51.76 kN for the 5% and 10% corrosion specimen, 
respectively. 
 
The results illustrate that as the corrosion rate increases, the load bearing capacity 
decreases as the corrosion generates expansive pressure and caused cracking to the concrete 
surface. The load bearing capacity reach to the maximum before decrease gradually as the 
corrosion cause severe condition since the stiffness decrease and caused noticeable strength 
reduction. Moreover, the results are proved by Figure 5 where the strain distribution is 
concentrated at the center of the cylinder where the reinforcement bar localized and the 
corrosion generated between the surface of the bar-concrete area. Due to this condition, the 
structural strength decreases as the corrosion rate increases and the strain value increases 
proportionally with the corrosion rate and the increase of c/d ratio. 
 
 
Figure 4. Strength reduction for 100mm diameter of concrete cylinder 
 
 
Figure 5. Strain distribution 
 
Influence of c/d ratio to the structural strength of reinforced concrete. 
 
The influence of increasing c/d ratio on structural strength is presented in Fig 6 to Fig 8, 
where the relationship between load-displacement is sketched for 0%, 5% and 10% of 
corrosion rate. The c/d ratio of 2.13, 3.45 and 4.76 for each cases of the graph shows a 
decreasing pattern of failure pressure when the c/d ratio increase. Otherwise, the failure 
pressure of lower c/d ratio increase proportionally with the increase of c/d ratio. 
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These results coincide with the results of previous research (Williamson and Clark, 
2000; Du et al., 2005) where the decrease in failure pressure in lower c/d ratio attributed to 
the greater expansive pressure created in the larger c/d specimens as shown in Figure 9 and 
also to the differing restraint conditions imposed by the concrete. If the specimens of the 
same bar sizes but different cover thickness are considered, it is clear that the cover of 
smaller c/d is stiffer than that of the larger c/d specimens. Hence, if the same load is applied 
to the specimens, the deflection in the cover of larger c/d specimens will be greater than that 
in smaller c/d specimens. It follows that the lower c/d specimen will reach limiting strain 
and failure before the larger c/d specimen. Therefore, concrete cover thickness is apparently 
the most important parameter that controls the structural strength of a structure (Tang et al., 
2015). 
 
 
Figure 6. Relationship for 0% of corrosion rate 
 
 
Figure 7. Relationship for 5% of corrosion rate 
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Figure 8. Relationship for 10% of corrosion rate 
 
 
Figure 9. Stress distribution 
 
CONCLUSION 
 
As a conclusion, the expansive pressure generates from the corrosion is linearly 
proportional to the increasing of corrosion rate and it gives a noticeable strength reduction 
to the corroded structural members since the load bearing capacity is decreasing when the 
corrosion rate increase. In addition, the increase of cover/bar diameter (c/d) ratio gives a big 
influence to the reduction of failure pressure as the failure pressure increase proportionally 
to the increase of c/d ratio. 
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